The operation of RFID systems often involves a situation in which multiple readers physically located near one another may interfere with one another's operation. Such reader collision must be minimized to avoid the faulty or miss reads. This paper, therefore, aims to use a successful swarm intelligence technique called artificial bee colony (ABC) algorithm to minimize both the reader-toreader interference and total system transaction time in RFID reader networks. As the RFID network scheduling model formulated in this work is a discrete problem, a binary version of artificial bee colony (BABC) algorithm is proposed in this study. Unlike the original ABC algorithm, the proposed BABC represents a food source as a discrete binary variable and applies discrete operators to change the foraging trajectories of the employed bees, onlookers and scouts in the probability that a coordinate will take on a zero or one value. Numerical results for four test cases with different scales, which ranging from 10 to 200 readers, have been presented to demonstrate the performance of the proposed methodology.
INTRODUCTION
Radio Frequency Identification (RFID) technology is a type of automatic identification system. 1 The purpose of an RFID system is to enable data to be transmitted by a portable device, called a tag, which is read by an RFID reader and processed according to the needs of a particular application. RFID is being developed as an essential elemental technology for realizing Mark Weiser's vision, and has been demonstrated by many researchers over the years, such as production, logistics, supply chain management and asset tracking. [2] [3] [4] However, there also some weaknesses associated with the deployment of the RFIDbased application. Particularly in a large-scale RFID network environment, where several readers try to interrogate tags at the same time in the same area, the phenomenon of an unacceptable level of misreads occurs. In this paper, the main feature of our approach is that the reader interference is solved by RFID network scheduling. 5 In the past few decades, nature-inspired computation has attracted significant attention. [6] [7] [8] Among them, the most successful are evolutionary algorithms (EA) and swarm * Author to whom correspondence should be addressed.
intelligence (SI) . Recently, by modeling the cooperative foraging behaviors of honey bee colony, the artificial bee colony (ABC) algorithm is developed by Karaboga1. 9 ABC is a population-based SI optimization tool, which could be implemented and applied easily to solve multivariable and multi-modal continuous functions.
In this paper, a novel binary version of ABC (BABC) is proposed for solving the reader interference problem in RFID networks. In BABC, we develop a differential expression, in which the relevant variables are interpreted in terms of changes of probabilities that changed per iteration. The main feature of this new operator is that it works in binary space, while still maintains the major characteristics of the original ABC's expression. In addition, in order to restrict the bees' positions within the range 0 1 , the position clipping boundary condition (PCBC) strategy is applied in the proposed algorithm.
Experiments are performed on four RFID network scheduling cases with different scales. In the experiments, a comprehensive comparative study on the performances of the proposed BABC and two well-known evolutionary and swarm-based algorithms, namely the binary genetic algorithm (BGA) 10 BABC is better than or similar to those of BGA and BPSO with the advantage of high convergence speed and precision.
RFID NETWORK SCHEDULING PROBLEM
We extract techniques started with the application of graph theoretic tools to the problem of assigning radio frequency spectrum to a set of radio frequency transmitters, such as cellular telephone base stations. The other method of collision avoidance is time scheduling. In this approach, readers with overlapping fields are fired at different times so that they do not collide. Both of these allocations (spectral and temporal) can be modeled as graph partitioning problems (GPP).
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Given a RFID network laid out in some manner, we can construct the associated collision graph G = V E where each vertex v ∈ V corresponds to a RFID reader and each edge e ∈ E indicates that those two readers can be operated in parallel (i.e., there are no collisions between these two readers). It should be note that GPP is to partition a graph G into k subgraphs such that the number of edges connecting nodes in different subgraphs is minimized, and the number of edges connecting nodes of the same subgraph is maximized. The frequency allocation problem for networks of RFID readers is to allocate frequencies to various readers. That is, when two readers lie in each other's interference region, they are given different frequencies. Clearly this problem can be reduces to GPP model.
In our RFID network scheduling model, there are two objectives, namely finding the optimal structure of readers and scheduling the readers to reduce the total system processing time. The first objective is in order to avoid reader interference or collision. At this point, this problem looks like the frequency allocation problem, except that the allocation is done along the time axis. Interfering readers are allotted non-overlapping periods of time so as to avoid collision between them. Obviously, the second objective is in order to confirm the efficiency of the RFID system by minimizing the total processing time of the RFID networks. Then in each time step, the RFID network scheduling model can be formulated by four rules as follows:
• Always maximize the number of readers in a partition and this reduces the total number of time steps after scheduling the whole RFID network.
• A weighting value is assigned to each partition to minimize the variation in reader transaction time within the time step. This weight is defined as the average of the readers' transaction times in the partition. Besides minimizing the range of transaction values in the partition, this also retains readers with lower transaction times only for further partitioning and reduces total transaction time of the RFID system.
• It should be noted that the higher the number of edges in the graph, the greater the possibility of finding the optimal partition. Since cut the reader with the most conflicts will cause minimum affects on the number of edges in the graph, a higher preference is given to the reader with the most conflicts.
• The process that removing partition from the collision graph should repeat until all the readers are grouped in a number of time steps.
Following the assumption above, for each time step t, the solution variable is therefore given by
as a partition of the RFID network. Here n t denotes the number of RFID readers that waiting for scheduling in this time step. Each element s t i ∈ 0 1 , i = 1 2 n t , in the solution vector is corresponding to the presence or absence of the ith reader. That is, a bit "0" in a solution vector indicated the absence of the corresponding reader, while a bit "1" means the reader's presence. Then in each time step t, the RFID network scheduling model can be formulated as a discrete optimization problem that is given in what follows:
where w 1 , w 2 , w 3 , w 4 are the weights given to each term of the fitness function and is the punishment coefficient; f is the function to select the max transaction time of the solution partition; f is the function to calculate the number of readers in the time step of this solution; f is the sum function of all the possible collision which the members of the partition have with the readers still remaining to be partitioned in the RFID network. Intuitively, this makes sense since removal of the partition leaves a lot of scope for further formation of partitions in remaining nodes and would not cause much loss of edges in the graph (RFID network); f is the weight function attached to this partition of readers that is assigned to the average of the transaction times of the RFID readers forming the partition; f p is the punish function that enable the searching algorithm exclude the illegitimate partitions that contain colliding readers.
BINARY ABC ALGORITHM
The implementation of novel binary ABC algorithm consists of initialization, modification of position by employed bees and onlooker bees and introduction of scout bees when there is no improvement in the fitness function.
Initialization Phase
In the proposed BABC, food sources in a binary space exploited by bees represent possible solutions to a given At the initialization stage, a set of food source positions are randomly selected by the bees. That is, the bee colony is initialized randomly over the entire search space as follows:
where N is the number of bees in the colony; D is the dimensionality of the search space; LB j and UB j are the lower and upper bounds for the dimension j that are assigned 0 and 1 respectively in the binary space; rand 0 1 is a binary value randomly selected from binary values 0 and 1. At the position of the food source x i discovered by the ith bee, each bit is completely random, hence the first created solution is uniformly distributed over {0, 1} D .
Employed Bee Phase
After all the bees return to the hive with a certain amount of nectar, the first half (SN) that found the best food sources become "employed bees." At this stage, each employed bee x i generates a new food source v i in the neighborhood of its present position as follows.
where k ∈ 1 2 SN and j ∈ 1 2 D are randomly chosen indexes, and k = i. ij is a random number generated in the range −1 1 . In sum, the employed bee formula remains unchanged in the proposed binary ABC, except that now x ij and x kj are integers in 0 1 and each bit of x i will be updated simultaneously.
In order to restrict the bees' positions within the range 0 1 . A normalization method and a threshold level has to be introduced to map all real valued numbers of v ij to the range 0 1 . The round function and the position clipping boundary condition (PCBC) can be used to accomplish this last modification. The resulting change in position then is defined by the following rule: 
Here the round • function rounds the elements of v ij to the nearest integers and the PCBC strategy handles the bounded search space. Once the new food source x i t is obtained, it will be evaluated and compared to x i t − 1 . If the fitness of x i t is equal to or better than that of x i t − 1 , x i t will replace x i t − 1 and become a new member of the population; otherwise x i t is retained. In other words, a greedy selection mechanism is employed as the selection operation between the old and the current food sources.
Onlooker Bee Phase
The remainder of the bees ("onlooker bees") watches the waggle dance to decide which of the employed bees should be followed. An onlooker bee selects a food source found by the employed bee x i depending on its probability value p i calculated by the following expression:
where f i is the nectar amount (i.e., the fitness value) of the ith food source. Obviously, the numbers of onlooker bees that will fly to a food source depend upon the amount of nectar at the source. This means that the higher the f i is, the more probability that the ith food source is selected. Once the onlooker has selected her food source found by the employed bee x i , she produces a modification on the position x i by using Eqs. (3)- (4) . As in the case of the employed bees, if the modified food source has a better or equal nectar amount than x i , the modified food source will replace x i and become a new member in the population.
Scout Bee Phase
In this stage, a random selection process carried out by the scout bees to explore new potential food sources. This is simulated as: if a position cannot be improved further through a predetermined number of cycles called "limit," then the food source is assumed to be abandoned, and the corresponding employed bee becomes a scout that randomly reinitializes in the fitness landscape. The pseudocode of BABC framework is illustrated in Table I .
RFID NETWORK SCHEDULING BASED ON ABC
The detailed design of RFID network scheduling algorithm based on BABC is introduced in this section. The algorithm design reflects a multi-phase searching process that can be described as follows:
Initialization Phase

Reader Specification
This gives the details of the mobile RFID readers that include the according interrogation range-the distance up to which a tag can be read by the reader; the interference range-the distance within which if two readers transmit simultaneously their signals would interfere; the process time; and the number of the mobile reader to be used.
Topology Specification
This gives the details of the working area to be covered by RFID network according to the application scenario. It includes the shape and dimension of the region; the RFID reader network distribution (i.e., the reader position) in the working area; and then the collision graph according to the readers' layout, interrogation and interference range.
Population Generation
N individuals forming the BABC population should be randomly generated. The ith artificial bee of the tth time step is defined as follows:
In our work the direct encoding scheme is applied to encode the individuals. The possible solutions are represented as an artificial bee with dynamic dimension according to different time steps (i.e., solution vector dimension n t = the number of readers in tth time step). Each element x t ij in the dimension is corresponding to the absence of the jth reader that can only be "0" or "1." A bit "0" in an individual indicated the absence of the corresponding reader. Otherwise a bit "1" in an individual indicated the presence of the corresponding reader. A dimension change example of a bee that represents the scheduling solution of a collision graph consists of 6 RFID readers along the time axis is shown in Figure 1 .
For time step 1, a binary-number bee [0 1 0 0 1 0] is a possible scheduling solution of a RFID network containing 6 readers. The second and fifth bit means that the nos. 2 and 5 readers can work together in the first time step without reader interference; for time step 2, two readers are removed from the network and the dimensionality of the bee is changed to 4; finally, all the reader are grouped into three time steps and the scheduling process finished in time step 3.
Optimization Phase
At the end of the initialization phase, all the information needed for the optimization phase is obtained for generating the optimal RFID network scheduling solution. The basic building blocks of this phase are:
Fitness Evaluation
At each iteration of every time step, for each individual x t i , evaluate its fitness using the objective optimization function as follows:
where P t • is the readers' processing time array of the time step t, C t • is the sum function of all the possible collision which the individual x t i has with the readers still remaining to be partitioned in the RFID network, the punishment coefficient is set to be 1000, and w 1 > w 2 > w 3 > w 4 representing the importance of each term.
Population Evolution
Compare the evaluated fitness values and select employer, onlooker, and scout for each bee in the colony. Then update the food source and position of each bee according to Eqs. (3)- (4), respectively.
Termination Condition
In each time step, the BABC algorithm is performed until the fitness is small enough, or a pre-determined number of iterations are passed. Then the obtained partition should be cut from the network, and the procedure will go back to the optimization phase. The computation is repeated a certain number of time steps, until all the readers are grouped and the optimal scheduling can be obtained.
EXPERIMENTAL RESULTS
In this section, four RFID reader network cases, which including 30, 60, 120 and 200 readers respectively, are scheduled to validate the capability of the proposed method. Figure 2 illustrates the collision graph of RFID network with 30 and 60 readers, respectively. Table II lists the processing times for this 30 readers network case according to Figure 2(a) . Due to the limited space, the other collision graphs and reader processing times for these four tested cases are omitted.
In the simulation test, the proposed BABC, BGA and BPSO were tested on these four RFID reader network cases. The population size for all algorithms was set at 60. The max generation of each run is 300, 800, 3000, and 8000 for 30, 60, 120, and 200 readers network respectively. For BABC, the Limit parameter was set to be 4. For BGA, 12 13 single point crossover operation with the rate of 0.8 was employed and mutation rate was set to be 0.01. For BPSO, [14] [15] [16] the learning rate parameters were set to the values c 1 = c 2 = 2 and the inertia weight w = 1.
The experimental results, including the best, mean and standard deviation of the total processing time and the number of time steps found in 30 runs are proposed in Tables III-IV. From the scheduling results, the BABC algorithm can constantly find an optimal schedule results (i.e., less time steps and total processing time). In fact, with an increasing in the number of the readers (hence the degree of the graph), the problem of finding best solution becomes intractable. However, it can be see cleanly, our proposed method is able to find the optimal schedule results of the larger scale RFID networks robustly and consistently.
To clearly illustrate the simulation results, Figure 3 shows a step-by-step scheduling procedure obtained by BABC of a 30-readers RFID network. In each time step, the colliding graph of the rest RFID readers that scheduled by PS 2 O is shown in Figures 3(a) -(m). As it is shown in the figure, in each time step, the algorithm tries to find the maximum clique possible in the graph, and then removes it from the graph, and iteratively does this till all the nodes in the graph are partitioned into cliques. (a) t = 0 (b) t = 1 (c) t = 2 (d) t = 3 (e) t = 4 (f) t = 5 (g) t = 6 (h) t = 7 (i) t = 8 (j) t = 9
(k) t = 10 (l) t = 11 (m) t = 12 Fig. 3 .
Step-by-step scheduling procedure.
CONCLUSIONS
This paper is devoted to giving a new strategy for scheduling reader networks in RFID-based ubiquitous computing environment. That is, a novel optimal scheduling scheme for RFID networks using a binary version 
